Low-frequency torsional vibration modes of the conjugated polyene chain of the biologically important chromophore retinal are of major relevance when studying its photoisomerization dynamics. We present absorptivity and dispersion spectra of three dierent retinal isomers in the far-infrared region between 10 and 100 cm À1 (0.3±3.0 THz) measured by terahertz time-domain spectroscopy at 298 and 10 K. At low temperatures the observed broad absorption bands resolve into narrow peaks correlating to torsional modes of the molecule. Comparison of the absorption spectra of dierent retinal isomers enables the approximate localization of the modes within the molecule. Experimental linewidths and transition strengths are reported. Ó
Introduction
Protein-bound retinal molecules are the chromophores in the photoactive proteins rhodopsin and bacteriorhodopsin. Photoinduced isomerization of the chromophore molecule is the primary step in their photocycles. In rhodopsin the conformation change 11-cis 3 all-trans triggers the primary step of the vision process and the alltrans 3 13-cis isomerization is the initial step of the photosynthesis cycle in bacteriorhodopsin [1] . The reaction coordinate of this process is a wellde®ned torsion along one of the C@C double bonds of the polyene chain. Conformational changes induced by photoexcitation of the conjugated p-electron system of the linear C-chain is the subject of extensive experimental and theoretical studies [2±4] . Optical and near-infrared (`900 nm) pump-probe techniques, where a femtosecond laser pulse initiates the isomerization process before a subsequent probe pulse monitors changes in the absorption characteristics of the sample, are currently the most eective way to investigate the dynamics of the photoisomerization. Transient absorption in the visible probes the electronic con®guration and is therefore only an indirect probe for the isomeric state of the chromophore. These time-resolved experiments revealed that the 11-cis 3 all-trans isomerization in rhodopsin takes place within only 200 fs [5] . Absorption in the mid-infrared`®nger-print' region between 1100 and 1300 cm À1 where CCH bending and C±C stretching modes are active, has also been demonstrated to be sensitive to the isomeric con®guration of retinals [6] albeit without time resolution. The observation of low-frequency delocalized vibrational modes oers direct insight into conformational dynamics of large molecules. The resonance frequencies of these modes are located in the far-infrared (FIR) part of the spectrum below 200 cm À1 , typical for torsions in polyenes [7] .
Damped oscillatory features in the visible absorption with a period of 550 fs, corresponding to a frequency of 60 cm À1 , have been observed in absorption at 500 nm after isomerization and have been interpreted as a consequence of vibrational coherence [2, 3] and as nonadiabatic wave packet motion on coupled potential energy surfaces [4] . This also indicates the relevance of FIR spectroscopy for a comprehensive understanding of the isomerization process.
Due to considerable experimental diculties and the complexity of theoretical models only few experimental or theoretical investigations in the FIR spectral region are known [8, 9] . THz timedomain spectroscopy (THz-TDS) [10] has been demonstrated to be a versatile tool for spectroscopy on a wide variety of dierent samples in the FIR and recently this new technique was applied to examine DNA and other biomolecules [11] . THz-TDS relies on coherent generation and detection of an ultrashort probe pulse with a correspondingly large bandwidth covering the spectral region from 0.1 to 4 THz. The duration of the THz pulse is less than 1 ps enabling transient FIR spectroscopy with time resolution well into the femtosecond regime [12±14]. A realistic future goal which we are pursuing is therefore to observe the molecular dynamics directly by studying the lowfrequency modes during the isomerization process of retinal in a time-resolved experiment.
In this work we measure and analyze the FIR absorption and dispersion of three retinal isomers that occur in the photoactive proteins rhodopsin, bacteriorhodopsin, isorhodopsin or their photoproducts, namely, all-trans, 9-cis and 13-cis retinal. The three isomers are shown in Fig. 1 . Our observation of substantial dierences between the low-frequency vibrational spectra of the three isomers demonstrates the feasibility of time-resolved experiments in the FIR using THz-TDS.
Methods and materials
All-trans and 9-cis retinal were purchased from Sigma-Aldrich and 13-cis retinal from ICN Biomedicals and used without further puri®cation. All samples were stored in the dark below 0°C. Samples were prepared by mixing retinal with polyethylene (PE) powder at a mass ratio of 1:1 and pressing the mixture to disks of thicknesses between 270 and 900 lm applying an approximate pressure of 400 kg cm À1 . Since PE is nearly transparent in the FIR it is a suitable ®lling material for spectroscopic applications in this spectral region.
We use a standard THz spectrometer setup [10, 15] as illustrated in Fig. 2 . Pulses of 40 fs duration from a Ti:sapphire oscillator are used to drive two photoconductive antennas, one which emits short pulses of THz radiation, the other, acting as a gated detector, monitors the temporal pro®le of the THz electric ®eld strength. The ®rst two paraboloidal mirrors in the THz beam path collimate and focus the THz beam to a frequencyindependent spotsize of 2 mm at the position of the sample [16] . The sample disk is mounted in a cryostat equipped with Te¯on windows, transparent for THz-radiation. The temperature is measured near the sample with a calibrated Si-diode. The cryostat can be moved so that the THz beam passes through either the sample or through an empty aperture with the identical size as the clear aperture of the sample. The two last paraboloidal mirrors recollimate and focus the THz beam onto the detector. The whole system is placed in a closed box purged with dry nitrogen in order to eliminate absorption by water vapor in the beam path. The setup has a useful bandwidth from 100 GHz to 2.9 THz (6±100 cm À1 ). The inset in Fig. 2 shows a typical THz pulse and its corresponding frequency spectrum before and after propagation through the 9-cis retinal sample.
Results and discussion
The ®eld of a THz pulse transmitted through a sample is modi®ed by dispersion and absorption of the substrate. The ratio of the electrical ®eld strengths before E r and after transmission E s is given by E s aE r T n expfÀad inxdacgY where d is the thickness of the sample, x the frequency of the radiation, c the speed of light in vacuum and T n is a factor which accounts for re¯ection losses at the sample surfaces. Both the refractive index n and the absorption coecient a can be determined from the ratio of the measured THz ®elds. The molar absorptivity a M is related to the absorption coecient by a M aaK, where K is the sample concentration.
In Figs. 3±5 the frequency dependences of a M and n of all-trans, 9-cis and 13-cis retinal are shown at 298 and 10 K. Comparison of spectra recorded through dierent sample thicknesses assured that the spectra are essentially free of features due to etalon eects. The PE ®ller has a constant refractive index of approximately 1.54, depending slightly on the applied pressure in the sample preparation. The absorption of PE is small (`5 cm À1 below 3 THz), and we subtracted this background from the absorption data presented here. The strong dierences between the spectra of the dierent samples immediately show that FIR absorption is an excellent probe of the isomeric structure of the retinal chromophore.
All samples show broad absorption features at room temperature resolving into several narrow resonances at low temperature. The resonances shift to slightly higher frequencies and their linewidths narrow at lower temperature. All absorption peaks are accompanied by a characteristic change of the refractive index.
Using the standard expression for Lorentzian oscillators it is possible to extract the center frequencies m j , the linewidths C j and the oscillator strengths S j of the dierent modes. The Lorentzian line pro®le model does not take into account inhomogeneous broadening of the lines. In our experimental situation, where the sample is cold and pressed into a PE matrix, inhomogeneous broadening cannot be ruled out, and therefore a modi®ed model with Gaussian or Voigt pro®les or a Gaussian distribution of Lorentz pro®les should in principle be more appropriate. Their main dierence from a Lorentzian line pro®le is found in the wings, where in our case information is lost due to the close spacing of the lines and due to background absorption. We ®tted the Lorentz model since it oers a simple description of the complex refractive index across the line pro®le. It is of crucial importance for the accuracy of the ®tting procedure, that our method permits simultaneous determination of both absorption and index data. We used the frequency-dependent complex dielectric function [17] A good ®t between 38 and 74 cm À1 (solid line) was achieved by using the parameters given in Table 1 . where the sum is taken over the dierent oscillators. The high-frequency contribution to the dielectric function is denoted by I . The imaginary part of the complex index j is related to the absorption coecient by jm aca4pm.
In Fig. 3 we demonstrate the suitability of this model for the data of the cooled all-trans isomer. We achieve a good simultaneous ®t of the absorptivity and index from 25 to 105 cm À1 using six oscillators. The deviation from the data below 25 cm À1 is due to an artifact arising from the apertures used. In the ®ts of the absorptivity of alltrans and 13-cis we subtracted a linear background from the data. We attribute this background to impurities in the sample. The center frequencies, linewidths and oscillator strengths can be extracted from the ®t, and the results are listed in Table 1 . The errors given represent the standard deviations (S.D.) of the ®t. The line strengths carry an additional uncertainty of AE4% due to uncertainty in the sample thickness. The absolute frequency scale was calibrated using the known positions of water vapor absorption lines.
From the oscillator strengths S j the band intensities I j in units of km mol À1 can be evaluated by applying the conversion I j p 2 S j m 2 j anK where m j denotes the center frequencies in cm À1 . The mean value of the refractive index n around the resonance frequency can be used in the equation. The sample concentrations K are 1.89 mol l À1 for the all-trans and 1.13 mol l À1 for the 9-cis and 13-cis samples. The calculated band strengths are listed in Table 1 .
Starting from the parameters of the 10 K alltrans-®t, we can match the index and absorptivity of the 298 K measurement very well by red-shifting all center frequencies by 4X5 cm À1 , broadening the linewidths by a factor of approximately 2, and adjusting the oscillator strengths. A detailed study of the temperature dependence of the individual modes is currently being undertaken.
On the basis of the parameters for the all-trans con®guration we also modeled the spectra of the 9-cis and 13-cis isomers in Figs. 4 and 5 in the spectral region from 40 to 75 cm À1 . In the 9-cis case additional modes centered at 62.1, 65.9 and 74X5 cm À1 had to be added to the model in order to reproduce the progression of the data curves. Whereas the two modes at 43.5 and 53X9 cm À1 can be ®tted well, the model cannot account for the deep dip at 59 cm À1 . This behavior is not yet understood but is likely a consequence of the strong deviation of the 9-cis structure from the all-trans con®guration. The dip coincides with a strong water vapor absorption line, but since this feature is not observed in the room-temperature spectrum of the isomer we rule out that the dip is related to absorption from residual water vapor in the beam path.
As was shown by model calculations, the different low-frequency resonances originate from collective torsional or skeletal twisting modes with a rather poor degree of localization [8] . Nevertheless these modes are con®ned to dierent parts of the molecular chain. By comparing the absorption characteristics of the three dierent isomeric con®gurations of the retinal molecule we propose an assignment of the approximate localization of these modes in the molecular chain.
Our observation that the feature at 54 cm À1 occurs in all three isomers (see Table 1 ), independent of the con®guration of the polyene chain C 7 ±C 15 , implies a localization of this mode at the ring C 1 ±C 6 . In contrast the mode at 47 cm À1 , which is very distinct in the absorptivity of the alltrans isomer, occurs shifted by 4±5 wavenumbers to lower frequencies and is only weakly active in the 9-cis and 13-cis con®gurations. This suggests a localization of the mode at the terminal part of the chain C 9 ±C 14 . Since the modes at 66 and 69 cm À1 occur equally strong only in the all-trans and 13-cis retinal sample we assign a localization at the Cchain close to the C 9 and far from the C 13 double bond (C 6 ±C 9 ).
We ®nally note that our assignment of the localization of the dierent modes supports the assignment based on density functional calculations for all-trans retinal [8] .
Conclusion
In this work we measured the FIR absorption and dispersion of three dierent retinal isomers by 4.9 AE 0.6 ) ) S 6 0.008 AE 0.001 ) ) I 6 2.33 AE 0.29 a The extracted parameters are the resonance frequencies m j cm À1 , linewidths C j cm À1 , dimensionless oscillator strengths S j and resulting band strengths I j (km mol À1 ). The errors are the S.D. of the ®t. The second column lists the results of the FTIR measurement of all-trans retinal at 15 K in [8] . The last column gives our assignment of the approximate location of the mode in the molecular chain. b A linear slope of the form m cm À1 Â 0X20 M À1 was added to the ®t of the absorptivity. c A linear slope of the form m cm À1 Â 0X13 M À1 was added to the ®t of the absorptivity. d No slope was added to the ®t.
THz-TDS. We observe distinct dierences at 10 K as well as at room temperature among the isomers, demonstrating the feasibility of a femtosecond time-resolved experiment in this interesting spectral region. We extract important parameters of the dynamics of the molecules' low-frequency torsional motion by using a standard expression for Lorentzian oscillators to model the absorption and index data. By comparing the absorption spectra of the three isomers it is possible to deduce the approximate localization of the dierent vibrational modes within the molecule.
